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Abstract 
The focus position of an optical system that gives the best quality image in a scanning electron microscope (SEM) has been 
estimated for various pixel sizes and image magnifications, i.e., various scanning pitches of the primary beam.  It is demonstrated 
that the best focus position of an optical system varies with the pixel size in the image when the optical system suffers from 
significant spherical aberration.  In such conditions, the focus positions for the minimum beam tail, i.e., the disk of least 
confusion, are different from those for the maximum intensity of the beam.  The focus positions for the minimum beam tail give 
the best quality image at low magnifications (large pixel sizes) and those for the maximum intensity give the best quality image 
at high magnifications (small pixel sizes).  The best focus positions determined in terms of the IPC (Information passing 
capacity), taking into account the pixel size, agree well with experimental results estimated at various pixel sizes ranging from 
0.5 nm to 10 nm (corresponding image magnifications range from 200kX to 10kX).
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1. Introduction 
In modern scanning electron microscopes (SEMs), SEM images are acquired as digital data where the image is 
formed of pixels.  In this paper, pixel size is defined as a length (nm) on a specimen corresponding to a pixel in the 
SEM image, i.e. the pixel size is equivalent to the scanning pitch (nm) of the primary beam.  The best focus position 
is usually found at the disk of least confusion where the disk of worst trajectories (or beam tail) is minimized.  
However, it is known experimentally that the best focus varies with image magnification or pixel size when the 
beam convergence angle is large compared to the optimum value.  For example, see Fig. 1 for the case of an optical 
system where a large beam tail is produced by spherical aberration.   Fig. 1 shows the relation between resolution 
and beam convergence angle in an optical system for the SEM.  When the beam convergence angle is larger than the 
optimum value, resolution becomes worse, as shown in Fig. 1, due to spherical and chromatic aberrations. 
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When the optical system suffers from significant spherical aberration, for example when the aperture angle is 
large, the best focus position on the optical axis depends upon the pixel size.  Such an operating condition is 
sometimes used for applications when a large probe current is necessary, e.g. X-ray analysis.  In this paper, beam 
intensity distributions [1] and the information passing capacity (IPC) [2-3] of an optical system are calculated at 
various positions on the optical axis in order to analyze the behaviour of the best focus position as a function of 
pixel size.  The IPC represents the quality of an SEM image that is affected by diffraction, aberrations, source size 
and defocus in the optical system and by the signal-to noise ratio of the image.  It is determined from a model 
derived from the information theory of imaging by Linfoot [4].  The effect of a pixel upon the IPC was studied [5] 
by measuring the image sharpness at various defocus conditions and various pixel sizes.  In this paper, the best focus 
positions are determined in terms of the IPC taking into account the pixel size, and the calculated results are 
compared with experimental data. 
 
2. Experimental study of behaviour of the best focus depending on a pixel size 
In order to investigate the behaviour of the best focus in SEM images, a specimen was tilted at 40 degrees as 
shown in Fig. 2.  Thus, the Y position (vertical direction) in the SEM image corresponds to different positions on the 
optical axis at the specimen surface.  Figs. 3 (a) to (e) show SEM images of a specimen (tilted at 40 degrees) and 
obtained at an accelerating voltage of 5kV using an Hitachi model S-5200 SEM [6].  The specimen is the Hitachi 
microscale standard (Si) [7-8], which is used for the calibration of image magnification.  Figs. 3 (a) and (b) are 
obtained at beam convergence angles of 13 mrad (optimum value) and of 27 mrad, respectively, formed with pixel 
size of 4 nm (the corresponding image magnification is 25kX).  The foci of the SEM images in Figs. 3 (a) and (b) 
were optimally adjusted at high magnification (400kX) where the pixel size is 0.25 nm.  Thus, the center Y position 
in the SEM image corresponds to the area at which the focus is optimally adjusted.  Those areas are indicated as “A” 
and “B”, respectively, in Figs. 3 (a) and (b).  Figs. 3 (c), (d) and (e) are high magnification images of the areas “A”, 
“B”, “C”, respectively, formed with a pixel size of 0.13 nm.  By comparing Figs. 3 (a) and (c), we see that the best 
focus position does not vary with pixel size when the beam convergence half-angle  is the optimum value (13 
mrad).  If we compare the areas “B” and “C” in Fig. 3 (b), we see that the area “C” is better focused than the area 
“B”.  However, by comparing Figs. 3 (d) and (e), we see that the area “B” is better focused than the area “C”.  This 
means that the best focus position for a pixel size of 4 nm is different from that for a pixel size of 0.13 nm when the 
beam convergence half-angle is 27 mrad (where spherical aberration dominates). 
 
3. Intensity distributions of beam along the optical axis when spherical aberration is dominant 
In order to understand the behaviour of the best focus, it is useful to know the intensity distributions of the beam 
along the optical axis.  Fig. 4 shows the beam trajectories when spherical aberration is dominant in the optical 
system.  Beam size is usually calculated at the disk of least confusion (P4 in Fig. 4).  However, it is interesting to 
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Fig. 1.  Relation between resolution (R) and 
beam convergence angle ( ) in an SEM. 
Fig. 2.  SEM image of a specimen where the tilt angle  is 40 degrees for 
evaluating the behaviour of the best focus position dependence on a pixel size. 
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calculate the beam intensity distributions at the positions between the Gaussian image plane (P1 in Fig. 4) and the 
disk of least confusion (P4 in Fig. 4). 
 
 
 
Fig. 3.  SEM images of a specimen tilting at 40 degrees obtained at an accelerating voltage of 5 (kV).  (a) SEM image obtained at beam 
convergence half-angle ( ) of 13 (mrad) (optimum value) where the pixel size Lp is 4 nm.  (b) SEM image obtained at  = 27 mrad and 
Lp = 4 nm.  (c) High magnification image of the area “A” obtained with Lp = 0.13 nm.  (d) High magnification image of the area “B” 
obtained with Lp = 0.13 nm.  (e) High magnification image of the area “C” obtained with Lp = 0.13 nm. 
 
 
 
Fig. 4.  Beam trajectories when the optical system is suffering from significant spherical aberration. 
 
Fig. 5 shows calculated results of the beam intensity distributions at various positions P1, P2, P3 and P4 on the 
optical axis.  The calculations were made based on geometrical optics [1] under the condition where the spherical 
aberration coefficient Cs = 2 mm, the beam convergence half-angle  = 27 mrad and the radius of the source image 
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is 0.3 nm.  The radius of the source image is defined at the point where the Gaussian distribution has fallen to 1/e of 
the maximum.  We see from Fig. 5 that the disk of least confusion (P4) gives the minimum beam tail but it is 
different from the position (P2) for the highest axial intensity.  The behaviors of the beam tail and axial intensity of 
the beam are shown in Fig. 6.  Qualitatively, the axial position P2 gives the best focus for high magnification images 
(small pixel sizes) and P4 gives the best focus for low magnification images (large pixel sizes).  Fig. 7 shows the 
behaviour of the beam tail and axial intensity of the beam along the optical axis when an optical system is operated 
under the optimum condition (Cs = 2 mm,  = 13 mrad).  In this case, the focus position for the minimum beam tail 
coincides with that for the maximum axial intensity of the beam and thus the best focus does not vary with pixel 
size. 
 
Fig. 5.  Beam intensity distributions at various positions P1, P2, P3 and P4 (See Fig. 4) on the optical axis (z) calculated based on geometrical 
optics under the condition where the spherical aberration coefficient Cs = 2 mm, the beam convergence half-angle  = 27 mrad and the radius of 
the source image is 0.3 nm. 
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Fig. 6.  Behaviour of the beam tail and the axial intensity of the beam as a 
function of position along the optical axis when the optical system is 
suffering from significant spherical aberration (Cs = 2 mm,  = 27 mrad). 
Fig. 7.  Behaviour of the beam tail and the axial intensity of 
beam as a function of position along the optical axis when 
the optical system is operated under the optimum condition 
(Cs = 2 mm,  = 13 mrad). 
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4. Quantitative analysis of the best focus position in terms of the information passing capacity (IPC) of an 
optical system and comparison of calculations with experiment 
To predict the best focus condition more accurately, the information passing capacity (IPC) of an optical system 
was calculated taking into account the pixel size in an SEM image.  Fig. 8 shows a model of the information-flow 
from a specimen to the final digital image in an SEM for the calculation of the IPC. 
 
 
Fig. 8.  A model of the information-flow from specimen to the final digital image in an SEM. 
 
The information of the specimen degrades due to the resolution limit of the optical system.  The response 
function τ  for the optical system is given by the Fourier transform of the beam intensity distribution J(r).  The 
specimen information also degrades due to the finite size Lp of the pixel in the final digital image.  The response 
function aτ  (acceptance factor), which represents the degradation of information due to the pixel with size Lp, is 
given experimentally by [5]  
 [ ]2)/86.0(exp)( λανπντ pa L−= . (1) 
ν  (the dimensionless spatial frequency) is defined in terms of the spatial frequency  (nm−1), the wavelength  (nm) 
of the primary electrons and the beam convergence angle  (rad) as 
 ν
α
λ
ν = . (2) 
The density-of-IPC Hρ  (bit/nm2) is numerically calculated by 
 ( ) ( ) ( )∫ +=
2
0
2
2 1ln2ln/
ννντντ
αλ
πρ d
N
P
aH
, (3) 
where P/N represents the signal-to-noise ratio of the image.  The response function ( )ντ  is calculated using wave 
optics from   
  ( ) ( ) ( )ντντντ OTFss ⋅= , (4) 
where ( )ντ ss  and ( )ντ OTF  are the Fourier transforms of the electron source image on the specimen and of the point 
spread function (PSF) of the optical system, respectively.  If the source image is assumed to be a Gaussian 
distribution, ( )ντ ss  is also given by a Gaussian distribution.  ( )ντ OTF  is called the “optical transfer function (OTF)” 
and is calculated using wave optics [9].  The relation between Hρ  and the resolution R of an optical system is given 
by [2]  
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2/1−
∝ HR ρ . (5) 
Fig. 9 shows the behaviour of the resolution R along the optical axis z at various pixel sizes Lp ranging from 0.5 
to 20 nm.  Calculation of the OTF was done taking into account spherical and chromatic aberrations, and defocus.  
From Fig. 9, the best focus position can be determined at which the resolution value is the minimum (best) for each 
pixel size.   Fig. 10 shows the relation between the best focus position, found from Fig. 9, and image magnification 
M.  In the calculation, the pixel size Lp (nm) is determined by  
 Lp = 100 (nm) / M (kX). (6) 
Equation (6) can only be used when an SEM image is formed with 1280 x 960 pixels using the Hitachi SEM.  
Fig. 11 shows the SEM images obtained with various pixel sizes.  These images are trimmed to 200 x 960 pixels 
from the original image (1280 x 960 pixels).  The Y center of each image corresponds to the area at which the focus 
is optimally adjusted with the pixel size of 0.25 nm (at 400kX).  Because the specimen is tilted at 40 degrees, if the 
best focus is found at Ny pixels below the Y center of the image, the amount of focus change z  is given by 
 ( ) pypy LNLNz ⋅⋅=°⋅⋅= 84.040tan  (nm). (7) 
The arrows in Fig. 11 indicate the best focus position for each SEM image determined from Fig. 10 and Equation 
(7).  For example, we see from Fig. 10 that the difference z  of the best focus positions at Lp = 0.5 nm (at 
M=200kX) and at Lp = 10 nm (at M=10kX) is about 0.7 m, and so we see from Equation (7) that the best focus of 
the SEM image with Lp = 10 nm is found at 83 pixels below (under focus side) the Y centre of the image, as shown 
in Fig. 11. 
  
 
 
5. Conclusions 
Behaviour of the best focus position depending on pixel size or scanning pitch of the primary beam is estimated 
under the condition where a spherical aberration is dominant in the optical system.  When an optical system is 
suffering from significant spherical aberration, the focus position for the minimum beam tail, which corresponds to 
the disk of least confusion, is different from the position for the maximum axial intensity of beam.  The focus 
position for the minimum beam tail gives the best quality image when the pixel size is large (image magnification of 
the SEM is low) and the focus position for the maximum axial intensity of beam gives best quality image when the 
pixel size is small.  This phenomenon results from the dependence of the best focus position upon the pixel size.  
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Fig. 9.  Behaviour of the resolution along the optical axis for various 
pixel sizes calculated from the IPC (Information passing capacity) of 
an optical system suffering from significant spherical aberration. 
Fig. 10.  Behaviour of the best focus position at 
various image magnifications M when the pixel size 
Lp (nm) is given by 100 (nm) / M (kX). 
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When the optical system is operated under the condition where the spherical aberration is not dominant, such as the 
optimum operating condition, the focus positions for the minimum beam tail (at the disk of least confusion) coincide 
with those for the maximum axial intensity of the beam, and so the best focus position is independent of the pixel 
size or the scanning pitch of the primary beam. 
 
The best focus position has been quantitatively analyzed in terms of the information passing capacity of an 
optical system taking into account the pixel size in the SEM image.  The calculated results of the best focus 
positions for various pixel sizes were compared with actual SEM images of a specimen (tilted at 40 degrees) 
obtained at various pixel sizes ranging from 0.5 nm to 10 nm.  The calculated results agree well with experiment. 
 
 
 
Fig. 11.  SEM images obtained at various pixel sizes (Lp).  Arrows show the best focus positions given from Fig. 10. 
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